Studies on the reproductive endocrinology of koalas have been performed mainly by using blood samples; however, in practice it is difficult to collect blood periodically because koalas are easily stressed. The purposes of the present study were to establish a noninvasive endocrine monitoring technique and to investigate the reproductive physiology of female koalas.
INTRODUCTION
Koalas (Phascolarctos cinereus), Australia's unique marsupials, belong to the family Phascolarctidae, order Diprotodontia. Koalas have a habitat range extending from northeastern to southeastern Australia. Koalas were classified previously into three subspecies based on their habitats: Queensland koala (P. cinerus adjustus) in southeastern Queensland, New South Wales koala (P. cinerus cinereus) in eastern New South Wales, and Victorian koala (P. cinerus victor) in Victoria and southeastern South Australia [1] . Although the three subspecies of koala have a different body size, color, and length of fur [1] , the subspecies may actually represent continuous variation, where koalas at each end of the cline are physically different but do not genetically differ [2] . Moreover, koalas can be divided into three DNA haplotypes that differ from the three geographical subspecies [3] . Currently, the habitats of the Queensland and New South Wales subspecies and Victorian subspecies are physically separated by the country's capital, Canberra. In consideration of these scientific data and circumstances, the International Union for the Conservation of Nature (IUCN)/Species Survival Commission (SSC) Australian Monotreme and Marsupial Taxon Advisory Group has recommended that captive populations be divided into two management groups: one consisting of Queensland and New South Wales subspecies and another of Victorian subspecies [2] . Our study describes the former as northern koalas and the latter as southern koalas. In Japan, all zoos housing koalas have implemented this housing management measure since 2006.
As of December 31, 2005, 52 northern koalas and 12 southern koalas were kept at nine zoological institutes in Japan [4] . After the first successful koala breeding at Nagoya Higashiyama Zoo (NHZ) on April 4, 1986 , at least 172 births had been recorded in Japanese zoos by December 31, 2005 [4] ; however, Japanese zoos have various problems with the koala captive breeding program, as follows: limited koalas with successful breeding experience, genealogical bias, difficulty of importing koalas from Australia, increased offspring death by falling from the maternal pouch, death of offspring in the maternal pouch, and infection with cryptococcus and koala endogenous retrovirus. Currently, some regional populations of wild koalas are in a critical situation, with the loss and fragmentation of koala habitats and traffic accidents from road construction, infertility-related chlamydia infection, and dog attacks [2, 5] . The current wild population is estimated to be about 40 000 to more than 400 000 [5] . Because the IUCN has categorized koalas as Least Concern [6] , they are not considered to be facing the threat of extinction as a whole [5] . On Kangaroo Island in South Australia and French Island in Victoria, koalas have overbred, and the number of eucalyptus trees, a food source for koalas, has declined; therefore, there are concerns about koalas starving and the environmental damage they may cause [7] .
Studies on the reproductive endocrinology of marsupials have been performed mainly by using blood samples. In koalas, there is limited information on annual changes in blood plasma concentrations of androgen in males [1, 8, 9] and the profiles of blood plasma concentrations of progesterone (P 4 ), estradiol-17b [8, 10] , luteinizing hormone (LH) [11] , and prolactin [8] in females. In practice, it may be difficult to collect blood periodically and longitudinally to investigate their endocrinology. Recently, successful endocrine monitoring of marsupials by a noninvasive technique using feces has been reported in wombats, which are closely related to koalas. It has been reported that the fecal 20a-OH pregnane assay can monitor the estrous cycle of female common (Vombatus ursinus) and southern hairy-nosed (Lasiorhinus latifrons) wombats [12] , and androgen values in male southern hairynosed wombats indicate a positive significant correlation between blood plasma and fecal samples [13] .
It is important to understand the reproductive physiology of captive koalas. The purposes of the present study were to establish a noninvasive endocrine monitoring technique for female koalas and to investigate the reproductive physiology of northern and southern koalas.
MATERIALS AND METHODS

Animals and Collection of Samples
The 14 northern and seven southern female koalas (Table 1 ) used in this study were housed in four zoological institutes: NHZ, Osaka Municipal Tennoji Zoological Gardens (OTZ), Awaji Farm Park England Hill Zoo (AFZ), and Kanazawa Zoological Gardens of Yokohama (KZY), Japan. Females were kept in an indoor viewing area at 178C-288C (average yearly temperature) during this study. The koalas housed at NHZ, OTZ, and AFZ were kept individually. Female koalas housed at KZY were kept in a female group separated from males.
From the koalas, 5-10 fresh-looking, grain-shaped feces were collected from the ground in the viewing area once or twice a week. In the female group area, fecal collections from individual females were performed by visual identification of the defecation, perching site, or the size of fecal grain. Because one northern (no. 196) and seven southern (nos. 73, 74, 105, 134, 217, 218, and 219) females housed at OTZ and AFZ had undergone blood sampling once approximately every 3 mo for biochemical examination as a health check, the remaining serum fraction was used for P 4 analysis. Feces and serum samples were stored at À308C until assay.
All procedures and management for the koalas described within were reviewed and observed the Code of Ethics of the Japanese Association of Zoos and Aquariums (JAZA) by JAZA, management guideline for the koala by each institute, and the Regulation for Animal Experiments in Gifu University by Committee for Animal Research and Welfare of Gifu University.
Progestagen Assay
Fecal progestagens (Ps) were extracted using a methanol extraction method [14] . Briefly, 5-10 grain-shaped, frozen feces were lyophilized for approximately 24 h, crushed using a hammer, and pooled. A portion of the powder (0.1 g) was then extracted with 5 ml of 80% methanol by vortex mixing for 30 min. After centrifugation at 2500 rpm for 10 min, the supernatant (methanol fraction) was transferred to a clean tube and then diluted at a ratio of 1:20 with assay buffer (0.04 M disodium hydrogen phosphate dihydrate buffer containing 0.1% bovine serum albumin and 0.05 M sodium chloride). Serum P 4 was extracted twice with diethyl ether, and the extracts were diluted at a ratio of 1:3 with assay buffer. Fecal and serum assay samples were determined by enzyme immunoassay using P 4 antiserum (LC-28; Teikoku Hormone Manufacturing Medical, Kanagawa, Japan), as described previously [14] . The main crossreactivity of this antiserum was 100% for P 4 , 62.2% for 5a-pregnanedione, 6.26% for pregnenolone, 3.88% for 11-deoxycorticosterone, 2.25% for 17a-hydroxyprogesterone, and 1.23% for 11a-hydroxyprogesterone. The intraassay and interassay coefficients of variation were 7.1% and 15.0%, respectively. All fecal data are expressed as per gram of dry feces.
Observation of Estrous Signs, Copulation, and Parturition
Copulation and parturition and/or estrous signs were observed megascopically by animal keepers or confirmed using remote continuous recording devices. Female estrous signs were as follows: decreased food intake and decreased body weight, increased movement (especially nocturnally), frequency of going down to the ground and male's bellowing, ear twitching in response to male bellowing, and bellowing at the top of trees. A male was introduced to an estrous female by the animal keepers several days after estrus had begun and was kept for a few hours in the same area. Mating was evaluated by male mounting and thrusting behaviors. Parturition was confirmed by observation of parturient behavior, blood around the urogenital sinus, and/or a visual check of the maternal pouch (approximately 2 mo after copulation). The duration of estrus, estrous cycle, and gestation period were investigated in northern koalas kept at NHZ. The estrous period was counted as the days of behavioral estrus. The estrous cycle length was counted as the days from the first day of the estrous period to the following estrous period; however, interestrous periods, including gestation and periods more than 4 mo, were not excluded. The gestation period was counted as the days from the final date of copulation to parturition.
Data Analysis
Data are presented as the mean 6 SEM. Analyses for differences in the duration of the reproductive status and concentrations of fecal Ps were performed with the t-test or ANOVA using the software Microsoft Office Excel 2003 and SSRI Excel Statistics 2002 (Social Survey Research Information Co., Ltd., Tokyo, Japan). A relationship between serum P 4 and fecal Ps indicated Pearson correlation coefficient. The duration of the luteal phase was determined using an iterative process described by Graham et al. [15] . Briefly, the mean Ps concentration of all samples for each koala was calculated, and values greater than the mean þ double SDs (2 SD) were considered high Ps values. High Ps values were then removed from the dataset, and the average was recalculated. This process was repeated until no values exceeded the mean þ 2 SD value. The duration of the luteal phase was determined by sustained high Ps values.
RESULTS
Validation of Fecal Ps Analysis
Progesterone concentrations in serum samples (n ¼ 32) collected from eight koalas (nos. 196, 73, 74, 105, 134, 217, 1034 218, and 219) ranged from 0.30 to 11.76 ng/ml. Three correlation coefficients between serum P 4 and fecal Ps values were calculated between blood and feces collected on the same day, between blood on that day and feces the following day, and between blood on that day and feces 2 days later, because the lag time (number of days for blood-circulating P 4 to be defecated) in the koala is unknown. Correlation coefficients on the first day, the following day, and 2 days later were 0.876 (n ¼ 17; P , 0.01), 0.805 (n ¼ 12; P , 0.01), and 0.772 (n ¼ 16; P , 0.01), respectively, and all coefficients were positively significant.
Relationship Between Fecal Ps Profiles and Sexual Behavior
The relationships between fecal Ps profiles and copulation in 20 female northern and southern koalas are shown in Figures  1-3 (northern koalas in Figs. 1 and 2 , and southern koalas in Fig. 3 ). In addition, Figure 1 indicates the periods of behavioral estrus signs. A total of 12 (nine northern and three southern koalas) of 20 koalas indicated marked increases of fecal Ps (Figs. 1, a-e; 2, b-d and f; and 3, a-c) , and the other eight koalas (four northern and four southern koalas) remained at the basal level of fecal Ps throughout the study period (Figs. 1, f  and g; 2, a and e; and 3, d-g ). The time of year of Ps increase Fig. 1e) . In koala no. 202, estrus recurred 8 days after copulation in July 2004, and then the Ps concentration increased after subsequent copulation in August 2004; however, fecal Ps concentrations increased less than usual after copulation (Fig. 1e) . In koala no. 217, fecal Ps increase after copulation in May 2005 was unknown because the feces could not be collected for 2 mo after copulation (Fig. 3b) . Seven female koalas (four northern and three southern koalas) that did not copulate or were not paired with a male during this study (Figs. 1, a and g; 2, a and e; and 3, d-g) remained at the basal fecal Ps concentration.
The profiles of the mean concentrations of fecal Ps after copulation in pregnant and nonpregnant northern koalas and nonpregnant southern koalas are shown in Figure 4 . Mean of fecal Ps during the luteal phase and the nonluteal phase in northern and southern koalas are shown in Table 2 . Fecal Ps concentrations in northern and southern koalas were significantly elevated 2-3 days after copulation, and Ps profiles during the luteal phase showed a similar pattern between northern and southern koalas (Fig. 4a) . Although mean levels of fecal Ps during the nonluteal phase were not different between northern (0.90 6 0.02 lg/g) and southern (0.96 6 0.02 lg/g) koalas, mean levels (6.34 6 0.49 lg/g) of fecal Ps during the luteal phase in northern koalas were significantly higher than in southern koalas (4.19 6 0.24 lg/g; P , 0.01; Fig. 4a ). In northern koalas, the mean levels and profiles of fecal Ps during pregnancy (6.44 6 0.37 lg/g) were approximately consistent with those during nonpregnancy after copulation (6.34 6 0.49 lg/g; Fig. 4b ). Mean lengths of the luteal phase were 36.3 6 2.5 days (range, 28-50 days; n ¼ 8) in nonpregnant northern koalas and 38.9 6 1.4 days (range, 33-49 days; n ¼ 8) in nonpregnant southern koalas. These luteal phases were not significant in duration (P , 0.01).
Length of Estrus, Estrous Cycle, and Gestation Period
The length of estrus, the estrous cycle, luteal phase, and gestation period evaluated by the observation of estrous, mating, and parturient behaviors are shown in Table 3 . The duration of estrus in northern koalas as determined by behavior was 13.5 6 0.9 days (range, 4-31 days; n ¼ 33 periods from Fig. 1 ) without copulation during estrus, in contrast with 6.2 6 0.5 days (range, 3-12 days; n ¼ 17 periods from Fig. 1, a-e) when the female mated during estrus. The duration of estrus with copulation was significantly shorter than without copulation (P , 0.01). The estrous signs of the female koala disappeared just after copulation. The estrous cycle length of northern koalas was 33.5 6 2.2 days (range, 7-60 days; n ¼ 24 cycles from Fig. 1 ) without copulation and fecal Ps increase, and it was 69.2 6 7.6 days (range 54-95 days; n ¼ 6 cycles from Fig. 1, a, b, d , and e) with fecal Ps increase after copulation (except in pregnancy). The estrous cycle length with fecal Ps increase was significantly longer than without fecal Ps increase (P , 0.01). Twelve births from five koalas (Fig. 1, b e; and 2, b and d) were observed during this study period. Except for one case (second pregnancy in Fig. 2b ) in which the exact dates of copulation and parturition were unknown, the gestation period of the northern koala was an average of 34.1 6 0.3 days (n ¼ 11; seven delivered at 34 days, two delivered at 33 days, one delivered at 35 days, and one delivered at 36 days).
DISCUSSION
This study establishes the first technique of noninvasive endocrine monitoring in koalas using feces, and it provides insight into the reproductive activity of the captive koala by comparing endocrine patterns and behaviors. In common wombats, a species closely related to koalas, the profile of fecal 20a-OH pregnane concentrations in females has been reported to be approximately consistent with plasma P 4 profiles [12] . In this current study, we confirmed that fecal Ps concentrations reflect circulating blood P 4 concentrations in female koalas, based on a comparison of circulating serum P 4 and fecal Ps.
Previous studies have identified that female koalas reach sexual maturity at 2 yr old [1] , 36 mo old [16] , or 22-26 mo old (Victorian koalas) [17] . The fecundity of koalas is retained at ages older than 10 yr; however, it declines from approximately 10 yr of age [17] . In our study, early estrous behaviors were observed in young koalas ages 1.3 yr (no. 206) and 1.9 yr (no. NONINVASIVE REPRODUCTIVE MONITORING OF KOALAS 201), and another koala (no. 199) successfully mated at 1.7 yr and had a normal birth. Koalas older than 11 yr did not exhibit mating behavior or clear increases of the fecal Ps profiles during this study. Southern koalas did not become pregnant and did not show clear estrous signs during this study. They had been stressed by blood sampling once approximately every 3 mo for biochemical examination as a health check; however, it is unlikely that low-frequency blood sampling results in unsuccessful breeding. One northern koala, no. 196 (5 yr old), of eight koalas from which blood was collected bred successfully, and most other koalas were old. In addition, koala no. 218 (7-10 yr old during this study), was dominant over a male and did not accept mating.
Most marsupials are seasonal breeders [18] and spontaneous ovulators [19, 20] ; however, koalas are exceptional in that they are probably copulatory ovulators. The phenomenon of induced ovulation in koalas has been supported by recent endocrinological data from Johnston et al. [10, 11, 21] , as follows. The luteal phase of female koalas, based on the rise of blood plasma P 4 concentration, was induced only after copulation [10] and was triggered by the thrusting of the male's penis into the female's urogenital sinus [21] , and elevated LH concentrations were confirmed approximately 24-36 h after coitus only in copuloceptive females [11] . Similarly, throughout our study, fecal Ps concentrations in northern and southern koalas did not show cyclical changes and increased only after copulation, even if behavioral estrous signs were seen. These results suggest that the luteal phase of female koalas is induced by copulatory stimulation, and thus koalas are probably not spontaneous ovulators, but copulatory ovulators. Spontaneous ovulations have been reported to occur in rabbits [22] and laboratory-maintained domestic cats [23] , known as typically copulatory ovulators; however, evidence of spontaneous ovulation was not shown in the koalas during our study period.
Behavioral estrus has been reported to consist of four patterns of activity: jerking, bellowing, aggression toward the male, and pseudomale behavior [24] . In our study, northern koalas exhibited distinct estrous signs, as described in the previous report, but southern koalas did not. Our results showed that the estrous period of northern koalas based on behavioral estrous signs was 13.5 6 0.9 days, and the estrous cycle of northern koalas was 33.5 6 2.2 days without a luteal phase and 69.2 6 7.6 days with a luteal phase (36.3 6 2.5 days). A previous report showed that the mean (6SEM) durations of estrus, the estrous cycle without a luteal phase, and the estrous cycle with a luteal phase were 10.3 6 0.9 days, 32.9 6 1.1 days, and 49.5 6 1.0 days, respectively, based on behavioral estrus and plasma progestogen profiles [10] . It has been reported that the mean (6SEM) length of the estrous cycle of wombats was 55.1 6 11.7 days, including a 28. 12.7-day luteal phase, for common wombats, and 41.1 6 12.8 days, including a 13.3 6 1.1-day luteal phase, for southern hairy-nosed wombats, by fecal pregnan analyses [12] . Our results using fecal Ps analysis in koalas (northern koalas) were durations similar to previous reports of koalas [10] and common wombats [12] .
Fecal Ps concentrations during the luteal phase were distinctly different between northern and southern koalas. It has not been reported whether the levels of blood-circulating P 4 were different among the two groups or three subspecies of koala. In wombats, the peak levels of blood plasma P 4 concentrations show species difference between common species (87.0 6 5.3 nmol/L [25] ) and southern hairy-nosed species (139.53 6 10.62 nmol/L [26] ). These differences may relate to the body size, reflected volume of blood, or hormone production ability; in addition, fecal differences may reflect a koala's group-specific difference in the composition of P 4 metabolites; more specifically, metabolic and/or excretory routes.
In a few cases, luteal phases were not induced after copulation. In one case (July 2003 in koala no. 184), the female koala copulated without ejaculation for 30 sec shorter than usual (65-90 sec [24] ). It has been reported that only 13% of female koalas that received half the usual time of penile thrusting stopped estrus the day after copulation [21] . In addition, it has been reported that artificial insemination induced a luteal phase, whereas the introduction of saline into the urogenital sinus failed to induce a luteal phase, despite physical stimulation of the urogenital sinus with a glass rod; therefore, semen induces the luteal phase [11] . Our case, in which short-term mating without ejaculation failed to induce a luteal phase, probably resulted from the poor physical stimulation time of the urogenital sinus and/or a lack of semen.
Luteal phases in nonpregnancy after copulation and those during pregnancy showed no significant difference in duration and fecal Ps concentrations. Johnston et al. [10] reported that plasma progestogen concentrations during the luteal phase in parturient koalas were significantly higher than in nonparturient koalas after copulation. As for the lack of significant difference in Ps concentrations between pregnancy and nonpregnancy in our study, nonpregnancy data might include data on pregnant koalas, such as abortion and fetal falling just after birth. These results suggest that a basal value of fecal Ps concentration detected within approximately 1 mo after copulation indicates nonpregnancy; however, pregnancy cannot be determined, even if the fecal Ps concentration is high within approximately 1 mo after copulation.
The present study suggests that fecal Ps analysis is a helpful tool to monitor reproductive endocrinology and ovarian activity, such as ovulation, in koalas. A combined approach with fecal Ps monitoring and observation of behavioral estrus and copulation is a noninvasive method to understand reproductive activity as an alternative to previous analysis of blood hormone concentrations. Recently, artificial insemination of koalas was studied and developed by a group from the University of Queensland, Lone Pine Koala Sanctuary, Currumbin Wildlife Sanctuary, Australia, and the Zoological Society of London [27, 28] . Since the first successful artificial insemination of the koala, a first for any marsupial species, at Lone Pine Koala Sanctuary in 1998 [27] , at least a few dozen healthy koalas have been born through artificial insemination. The application of artificial assisted-breeding techniques is useful in reproductive and genetic management to protect wild fragmented populations and to propagate the captive population. Our results and noninvasive methodology will also be important in advancing the propagation program of koalas and, in contrast, the breeding control of overbred populations.
